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ABSTRACT 

We demonstrate that dwarf galaxies (10 7 < M ste u ar < 10 9 M©, —12 > M r > —18) with no active 
star formation are extremely rare (< 0.06%) in the field. Our sample is based on the NASA-Sloan 
Atlas which is a re-analysis of the Sloan Digital Sky Survey Data Release 8. We examine the relative 
number of quenched versus star forming dwarf galaxies, defining quenched galaxies as having no Ha 
emission (EW flQ < 2 A) and a strong 4000A-break. The fraction of quenched dwarf galaxies decreases 
rapidly with increasing distance from a massive host, leveling off for distances beyond 1.5 Mpc. We 
define galaxies beyond 1.5 Mpc of a massive host galaxy to be in the field. We demonstrate that there 
is a stellar mass threshold of M ste n ar < 1.0 x 10 9 M Q below which quenched galaxies do not exist 
in the field. Below this threshold, we find that none of the 2951 field dwarf galaxies are quenched; 
all field dwarf galaxies show evidence for recent star formation. Correcting for volume effects, this 
corresponds to a 1-sigma upper limit on the quenched fraction of 0.06%. In more dense environments, 
quenched galaxies account for 23% of the dwarf population over the same stellar mass range. The 
majority of quenched dwarf galaxies (often classified as dwarf elliptical galaxies) are within 2 virial 
radii of a massive galaxy, and only a few percent of quenched dwarf galaxies exist beyond 4 virial 
radii. Thus, for galaxies with stellar mass less than 1.0 x 10 9 M©, ending star-formation requires the 
presence of a more massive neighbor, providing a stringent constraint on models of star formation 
feedback. 

Subject headings: methods: statistical — galaxies: dwarf — galaxies: stellar content 



1. INTRODUCTION 



A well-established color 
the local d istribution of 
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bimodality is seen 
luminous galaxies (e.g. 



[20051 : 



. ... _ - _ „ .Blanton et alJ 

2005at iBlanton fc Moustakasll2009f ) and appears a l ready 
in place at redshi fts above z ~ 1 (jBell et al.l 120041 : 
iCooper et alJ 12007). The galaxy population divides be- 
tween blue, star-forming systems and red, quenched sys- 
tems. The relative fractions between these two popu- 
lations depends on both stellar mass and environment. 
Luminous red galaxies exist both in the field and denser 
regions, however, at fixed stellar mass the fraction of 
lumin ous red galaxies is higher in denser environment s 
(e.g- lKaufrmann et al.ll2004tlvan den Bosch et al"1l2008l) . 

The red/quenched fractions for less massive galax- 
ies are lower regardless of envir onment as compared to 
their higher mass counterparts. Kauffmann et al. (2003) 
found a characteristic stellar mass of 3 x 10 10 M Q below 
which galaxies tend to be star forming and have lower 
surface brightnesse s. In the framework of "central" an d 
"satellite" galaxies (|Yang et alJ2007HZehavi et al.ll2011h . 
where central galaxies are defined as the most massive 
galaxy in th e ir dar k mat ter halo based on g roup catalogs, 
iWang et al.l (|2009t ) and iPeng et al.l (|2010f ) showed that 
the red fractions for central galaxies decrease as a smooth 
function of declining stellar mass, reaching red fractions 
around 10% for the lowest stellar masses (M stc n ar ~ 
10 9 M Q ) available in large numbers in the Sloan Dig- 
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ital Sky Survey (SDSS). Usin g spectroscop i c diag nos- 
tics to define quenc hed galaxies. I Wetzel et alJ ()2011[ f and 
I Tinker et al.1 (|2011[) also showed that quenched fractions 
decrease with stellar mass for central galaxies, reaching 
slightly lower quenched fractions for central galaxies at 
the same stellar mass. 

Many galaxy formation models predict lower quenched 
fractions for lower mass central galaxies. Currently fa- 
vored models suggest that massive galaxies are quenched 
because they can maintain a hot gaseous halo, due to pro- 
cesses such as heating from supernova or active galactic 
nuclei (e.g.. [Croton et alJl200a iDekel fc Birnboiinl[200l 
iKimm et al.ll2009f ). These processes suppress gas cool- 
ing, either heating gas within the galaxy or preventing 
additional cold gas from accreting, and eff ectively shut- 
ting off star formation ()Keres et al.l 120051 ) . Low mass 
galaxies which are satellites of more massive objects 
are quenched because of the many physical mechanisms 
available in the group environment, such as ram pressure, 
harassment and tidal stripping. However, below some 
threshold, small central galaxie s are not expected to be 
quenched (|Gabor fc Dav e 2012). Testing such a frame- 
work requires a large well understood sample of low mass 
galaxies across a range of environments. 

Quantifying the quenched fractions of dwarf galax- 
ies, defined here as galaxies fainter than M r > —18 
or stellar mass below 10 9 M Q , is challenging, largely 
because the colors and apparent sizes of low luminos- 
ity galaxies are similar to those of more luminous, and 
far more numerous, background objects. This neces- 
sitates spectroscopic samples. In the Local Group, 
quenched galaxies dominate the dwarf satellite pop- 
ulation within 500 kpc of either the Milky Way or 
M31, while star forming gas- rich galaxies tend to lie 
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at larger distances (lEinasto et all 119741: iMateol 119981: 
iGrcevich fc Putmanl 120091: iWeisz et al.ll2011l) . Similarly, 
in the nearby Virgo or Coma galaxy clusters, quenched 
dwarf galaxies dominate the clusters' center and tran- 
sition to a more star form i ng population in the out- 
skirts (iBinggeli et al.1 119851 iFerguson fc Sandaed 119911 : 
iLisker et al.ll2007f ). lHaines et al.l ()2008L 120071 ) found no 
quenched galaxies fainter than M r — —18 in the SDSS 
Data Release 4. In this paper, we perform a similar anal- 
ysis, confirming this result with a much larger sample of 
dwarf galaxies. 

We construct a clean sample of nearly 10,000 dwarf 
galaxies in the stellar mass range 10 7 < Af st oiiar < 
10 9 Mq (— 12 > M r > — 18) across a wide range of envi- 
ronments, using a re-analysis of the SDSS Data Release 
8. We demonstrate that quenched galaxies which have 
ceased forming stars, i.e., "red and dead" galaxies, often 
classified as dwarf elliptical or dwarf spheroidal galax- 
ies, do not exist in isolation (or as "central" galaxies) for 
stellar masses below 1.0 x 10 9 Mq. In §[3] we discuss the 
sample construction and environmental parameterization 
using a nearest neighbor distance. In ij l3.ll we demon- 
strate the absence of quenched dwarf galaxies passing 
our isolation criteria, noting a significant fraction of iso- 
lated red star forming galaxies. In § 13.21 we compare the 
fraction of field quenched galaxies as a function of stellar 
mass. In § 13.41 we compare the distribution of quenched 
and star forming dwarf galaxies as a function of distance 
from its host galaxy, in units of the hosts virial radius. 
In § 13.51 we briefly examine the properties of the star 
forming field dwarf galaxy sample. We conclude in §|4] 
with the implication of these results for star formation 
feedback and galaxy formation. 

Throughout this paper, we assume cosmological pa- 
rameters Slo = 0.3, il\ = 0.7, and H n = 70 km s _1 
Mpc -1 . All magnitudes in this paper are if- corrected 
to res t-frame bandpasses using the method of iBlantonl 
(2006) and kcorrect v4_2. Because of the small range 
of look-back times in our sample (a maximum of around 
700 Myr) , we do not evolution-correct any of our magni- 
tudes. 

2. CONSTRUCTING THE SDSS DWARF GALAXY SAMPLE 

2.1. The NASA-Sloan Atlas 

Our dwarf galaxy sample is derived from the 
SDSS Data Release 8 spectroscopic catalog (DR8; 
lAihara et aLll201lD . covering 7966 deg 2 of the sky. bmce 
the SDSS main catalog is not optimized for nearby low 
luminosity objects, we instead select objects from the 
NASA-Sloan Atlat0(NSA). The NSA is a reprocessing 
of the SDSS photometry using the SDSS ugriz im- 
ages with an improve d background subtraction technique 
(Bla nton et"aI1l201lD . combined with GALEX images m 
the near and far-UV. The NSA photometry is a signif- 
icant improvement over the stan dard SDSS DR8 pho - 
tometric catalog, as described in iBlanton et al.l (|2011[ ). 
All galaxies with redshifts z < 0.055 within the SDSS 
footprint are analyzed (Figured]). For each galaxy, the 
NSA contains a mosaicked image which is deblended and 
analyzed consistently in all bands. Fluxes are based on 

3 http://www.nsatlas.org 
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Fig. 1. — The NASA-Sloan Atlas (NSA) galaxy sample show- 
ing (top) absolute magnitude versus redshift and (bottom) stellar 
mass versus distance. The NSA has an arbitrary redshift cutoff at 
z = 0.055. For the purposes of this paper, we analyze only galaxies 
with stellar mass less than 10 10 Mq . Quenched galaxies (red sym- 
bols) are intrinsically less luminous at a given stellar mass and are 
therefore found over a smaller volume as compared to star-forming 
galaxies at the same stellar mass. We account for this difference 
using 1/V m ax corrections. 

two-dimensional Sersic models whose structural parame- 
ters are fit to the r-band image. The NSA catalog galaxy 
also provides a re- analysis of the SDSS sp ectroscopic data 
for ea ch galaxy using the techniques of lYan fc Blanton] 
(120121) and the SDSS spectrophotometric recalibration of 
lYanl (|20lTI) . This analysis yields fluxes, equivalent widths 
and associated errors. 

To estimate stellar masses , we use those reported 
by the kcorrect software of IBlanton fc Roweisl (2007) 
which assumes a iChabrierl ()2003D initial mass function 
and are based on fits to both the SDSS optical and, when 
available, GALEX fluxes. Distances are estimated based 
on the S DSS NSA redshift an d a model of the local veloc- 
ity field (|Willick et al.lll997| ). Distance errors are folded 
into our error estimations for stellar mass. 

In this paper, we focus largely on dwarf galaxies with 
stellar masses between 10 7 < M ste iiar < 10 9 A/ Q . In the 
NSA catalog this corresponds to 9399 galaxies. A search 
for objects in the same stellar mass and redshift range 
in the DR7 NYU Val ue-Added Galaxy Catalog (VAGC; 
IBlanton et al.l 120051)1 ) yields nearly 16,000 objects over 
the same area. The standard SDSS photometry used by 
the VAGC catalog is not optimized for extended nearby 
galaxies; the excess of 'dwarfs' in this catalog are primar- 
ily shredded pieces of massive galaxies which have been 
properly accounted for in the NSA catalog. 

2.2. Environment and Nearest Luminous Neighbors 

We calculate environments for our dwarf galaxy sam- 
ple relative to more luminous neighbor galaxies. We 
want to maximize our ability to identify luminous neigh- 
bors, despite the large angular distances for this nearby 
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Fig. 2. — D n 4000 versu s stellar mass f or our dwarf galaxy sample 
(black symbols) and the Tinker ct al. (20lj) group catalog (grey 



symbols). In the overlap region between 10 



' Mq , the two 



catalogs agree well. We define quenched galaxies as having both 
EW Ha < 2A and Dn4000 greater than the red line in this plot. 

sample. For example, searching a 1 Mpc region around 
a galaxy 30 Mpc away corresponds to 2 degrees on the 
sky. Many of our dwarf galaxies are on the SDSS South- 
ern stripes, which are only 2.5 degrees wide. For this 
reason, instead of the NSA catalog, which is limited to 
the area with SDSS imaging, we use the 2MASS Ex- 
tended Source Catalog to identify luminous galaxy hosts. 
For redshifts, we use SDSS spectroscopy plus several 
other sour ces: the 2-degree Fi eld Galaxy Redshift Survey 
f2dFGRS: IColless et al.l [200 l|), the 6-degree Fie ld Galaxy 
Redshift S urvey (6dfGRS: [Jones et al] l200l. ZCAI0, 
ALFALFA (|Giovanelli et al.l 120051 ) as well as every red- 
shift within z < 0.055 from the NASA Extragalactic 
Database (NED). By using this all-sky catalog, we can 
best identify luminous neighbors even for dwarf galaxies 
near the edges of the SDSS imaging. 

To quantify environment, we determine the distance, 
rfhost, for each of our dwarf galaxies to its nearest "lu- 
minous" neighbor. In this context, we define galaxies 
as luminous if Mk s < —23 corresponding to a stellar 
mass of approximately 2.5x10 10 Mq (assuming a mean 
stellar mass-to- light ratio in the i4f s -band of unity). The 
2MASS sample is complete within our dwarf galaxy vol- 
ume for this choice of Mk b ■ Because we use several dif- 
ferent redshift surveys, the sample of luminous galax- 
ies is non-uniform, especially outside the area covered 
by SDSS main sample spectroscopy. However, we pre- 
fer to have as complete a sample of luminous galaxies 
as possible, in order to most reliably identify isolated 
dwarf galaxies. To define the environment for each dwarf 
galaxy, we search for the closest luminous galaxy within 
1000 km s _1 in redshift and within a projected comoving 
distance <ihost < 7 Mpc. A small number of dwarfs have 
no luminous galaxy within this volume; we set the dhost 
values for these galaxies to 7 Mpc. 

4 http: //www. cf a. harvard. edu/~df abricant/huchra/zcat/ 



2.3. Definition of Quenched Dwarf Galaxies 

We divide our sample between galaxies with active star 
formation and "quenched" galaxies that are not forming 
stars. We differentiate between these two populations us- 
ing SDSS spectroscopic diagnostics. We define quenched 
galaxies as having both no Ha emission (EW Ha < 2A) 
and a criterion based on the 4000A break, D„4000. The 
D„4000 index is a mea sure of the light-we ighted age of 
the stellar population (iBalogh et al I Il999h . Because is 
it measured in two 100A windows separated by 50A, 
it is less affected by dust reddening than broad-band 
galaxy colors. Analogous to color indicators, we find that 
the D„4000 strength is a function of stellar mass (Fig- 
ure [2]) and therefore define quenched galaxies as having 
D„4000> O.6 + O.llogio(M s teiiar[M ]). At a stellar mass 
of 10 10 M Q , this is equiva l ent to the D„4000> 1.6 crite- 
rion used bv lTinker et~aTl (|2011f ). 

Figure |3] shows (g - r) color, Ha EW, and D n 4000 
index as a function of nearest neighbor distance, dhost- 
We compare the distributions of these quantities for two 
stellar mass bins: 10 9 25 < M st ciiar < 1O 9 75 M (top 
panels), and 10 8 < Miliar < 10 9 25 M Q (bottom panels). 
These two stellar mass bins were chosen to have a roughly 
similar number of galaxies and straddle the stellar mass 
threshold of 1.0 x 10 9 M discussed in §0 In both 
bins, the majority of quenched galaxies have red (g — r) 
colors and tend to lie close to a massive parent galaxy, 
at values of dhost < 1 Mpc. Similarly, the majority of 
galaxies with strong D„4000 index, an indicator of older 
stellar populations, exist in close proximity to a larger 
galaxy. At all masses, galaxies show a wide range of 
Ha EW which extend to values larger than the plotted 
region. At higher stellar masses, there are a number of 
galaxies which show no Ha emission and high values of 
D„4000 at large values of dhost, however, these objects 
are missing in the lower mass panels. We explore these 
quantities further below. 

2-4. Vmax Corrections and Surface Brightness 
Completeness 

The SDSS spectroscopic apparent magnitude limit of 
r < 17.77 restricts the volume over which dwarf galax- 
ies can be found (Figure [T]). We will compare quantities 
as a function of stellar mass and do not want to use a 
volume-limited sample which would further reduce the 
number of available dwarf galaxies. Galaxies in a given 
stellar mass bin will have a range of absolute magnitudes, 
and therefore a range of volume over which they could 
be detected in SDSS. To account for this difference, we 
weight our sample using the 1/V max method, determining 
the maximum volume V max for which each galaxy could 
have been found, given the spectroscopic apparent mag- 
nitude limit. The NSA catalog includes galaxies with 
redshifts less than z < 0.055, thus only galaxies with 
M r < —19.1 are found throughout the full sample vol- 
ume. We have compared our 1/V max weighted results to 
that of a volume-limited sample for objects with stellar 
mass greater than 1O 8 M . The volume-limited results 
are far noisier due to the significantly smaller volume 
probed, but are qualitatively similar. 

The SDSS is incomplete for low surface brightness 
galaxies. The SDSS spectroscopic survey completeness 
as a function of half-light surface brightness drops be- 
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Fig. 3. — The distribution of NSA galaxies in the mass range 10 
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M Q (top) and 10 s - 10 9 - 25 M Q (boUom). Galaxies are plotted 



as a function of nearest neighbor distance dh os t versus g — r color (left), Ha equivalent width (middle), and D n 4000 (right). Red symbols 
indicate quenched galaxies passing our Ha and D4000 criteria. Galaxies with dhost > 1.5 Mpc (solid gray line) are considered isolated. 

2 ' In the sections below, we calculate the quenched frac- 

tion, /quenched- Weighting each galaxy by the total vol- 
ume over which it could be observed, the quenched frac- 
tion is: 



low 50% at H5o >r ~ 23.5 mag arcsec 2 (Bl anton et al.l 
[2005h . and below 10% at fj>50, r = 24.0 mag arcsec 
For dwarf galaxies with stellar mass below 10 9 M Q , the 
median surface brightness of our sample is /iso,r = 
22.3 mag arcsec -2 . Given the surface brightness incom- 
pleteness, we would miss, for example, one out of the fiv e 
brightest satellites around the Milky Way (|Mateolll998l) . 

For the purposes of this study, we are concerned only 
with whether or not low surface brightness galaxies are 
preferentially missing from our quenched sample, rela- 
tive to the full catalog. In dense environments (dhost < 
1 Mpc) , where we detect both quenched and star form- 
ing dwarf galaxies, the surface brightness distribution of 
quenched systems peaks at slightly lower surface bright- 
nesses (p-50, r — 22.5 mag arcsec ) as compared to the 
star forming sample (Mso,r = 22.3 mag arcsec -2 ). How- 
ever, comparing the shape of the distributions via the 
Kolmogorov-Smirnov test suggests that the quenched 
galaxies in dense environments could plausibly be drawn 
from the surface brightness distribution of star-forming 
galaxies (Pks = 0.1). Unless there is a population of 
quenched low surface brightness galaxies that exists only 
in the field below the detection limits of SDSS, our red 
fractions should not be biased by the surface brightness 
incompleteness of the survey. 

3. RESULTS 
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where -/V quonc hed and Nqf are the number of quenched 
and star-forming galaxies, respectively. We calculate 1- 
a errors for /quenched by propagating Poisson counting 
statistics errors on the independent quantities iVq U enched 
and .ZVsf ■ For cases where the number of quenched galax- 
ies equals ze ro, we ca l culate the 1-a upper limits directly 
according to [Gehrelsl (|1986lh 

3.1. Quenched Fractions as a Function of Environment 

We first explore the fraction of quenched dwarf galaxies 
as a function of our environment parameter, dhost- Fig- 
ure 3] shows the quenched fraction / que nched for various 
bins in stellar mass. Quenched galaxies are preferentially 
found near a massive host. The observed quenched frac- 
tion decreases with increasing values of dhost, and then 
flattens to a constant level for dhost distances greater 



5 



than 1.5 Mpc. In our most massive stellar bin, be- 
tween 10 9 5 — 1O 1O M0, the quenched fraction levels off 
at a value of /quenched = 5% at large distances from a 
host galaxy. For stellar mass less than ~ 10 9 Afo, the 
quenched fractions beyond 1.5 Mpc are effectively zero 
(see § 13.31 for further discussion). In dense environments, 
rfhost < 0.25 Mpc, the quenched fraction does not ap- 
pear to be a strong function of stellar mass, approaching 
/quenched = 30% in all our stellar mass bins. 

Based on Figure HI we define "field" or "isolated" 
galaxies as those with dh ost > 1.5 Mpc. Our definition is 
motivated by Figure |4] we see evidence of environmental 
processes, in the form of increased quenched fractions, 
out to at least 1 Mpc. The host galaxies in our sample 
cover a range of masses: as calculated in § 13.41 the virial 
radii of our host galaxies range between 150 — 1000 kpc, 
with a median virial radius of 225 kpc. Thus, we are 
seeing evidence for environment processes several times 
beyo nd the host' s virial radii. This result is consistent 
with iWang et~a l. (2009) and we discuss implications of 
this statement in § 13.41 

In the sections below, we focus on the properties of 
field galaxies. Our measured quenched fractions for field 
dwarf galaxies with stellar mass less than 10 9 M are ef- 
fectively zero, while published red fractions in the same 
stellar mass range, based o nly on q— r colors, are between 
5-10% of isolated galaxies (|Wang et al.ll2009t iPeng et al.l 
120111) . Using colors only, we reproduce the Wang et 
al. result (Wang et al. Figure 2), finding a red (as op- 
posed to quenched) fraction of 6% in the mass range 
10 s - 10 9 M Q beyond 1.5 Mpc. We find that the majority 
of these red galaxies (46 out of 49) have strong Ha emis- 
sion; none of these galaxies would not pass our combined 
Ha plus D„4000 criteria for quenching. The distribution 
of axis ratios (b/a, based on the 2D Sersic r-band profile 
fits) for blue galaxies in this stellar mass range is peaked 
at 0.5, as expected for a population of disky systems 
viewed at random viewing positions. The 49 isolated red 
star forming systems are preferentially disky, peaking at 
an axis-ratio of 0.32, implying that most of these ob- 
jects are edge-on star-forming galaxies which appear red 
due to dust-reddening. This confirms that color selec- 
tion alone is not a good indicator in selecting quenched 
galaxies and motivates our spectroscopic criteria. 

3.2. A Stellar Mass Threshold for Quenched Field 
Galaxies 

Previous studies have shown that massive galaxies 
which are the central galaxy in their dark matter halo 
are predominantly quenched: the quenched fractions of 
central galaxies is 100% for galaxies with stellar mass 
above 10 11 Mq, dec reasing to 20% of galaxies with stel- 
lar mass of 1O^M (IWetzel et al.l[201lTlPen g et al.l[20lll: 
iWoo et all I2012D . None of these SDSS-based studies 
include galaxies less massive than 10 9 M Q . With our 
cleaned SDSS dwarf galaxy sample, we next ask whether 
the quenched fractions of central galaxies continue to de- 
crease with stellar mass and if there is a threshold below 
which this fraction reaches zero. 

We compare our dwarf galax y sample to a modifi ed ver- 
sion of the group catalog from 1 Tinker et all (|2011l ) based 
on the SDSS DRY. This is a volume-limited (z < 0.06) 
catalog including galaxies brighter than M r — —18. To 
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Fig. 4. — The fraction of quenched galaxies, / que nchedi as a func- 
tion of distance to the nearest luminous galaxy, cfhosti m several 
stellar mass bins. We define 'field' galaxies as having dhost > 
1.5 Mpc, beyond which / quC nchcd is constant. 

ensure homogeneity with our dwarf galaxy sample, we 
remeasure physical properties of galaxies in the Tin- 
ker et al. cata l og, u sing spectral measurements from 
lYan fc Blantonl (|2012ft and stellar masses from the NYU- 
VAGC. We define quenched galaxies using the same cri- 
teria as our dwarf sample: EW Ha < 2A and D„4000> 

0.6 + 0.11ogio[M steU ar]. 

The Tinker et al. catalog includes galaxies with stel- 
lar mass down to 10 9 ' 6 M , providing direct overlap with 
our NSA dwarf galaxy sample. We compare our isolated 
field dwarf galaxies to their sample of central galaxies. 
By definition, our isolated dwarf galaxies will be central 
galaxies, but centra l galaxies are not necessarily isolated. 
iTinker et alJ (|2011h define central galaxies as those that 
do not exist within the halo radius of a larger halo. The 
halo radius is defined as the radius within which the av- 
erage density is 200 times the background density. We 
note this is larger than the virial radius in ACDM, within 
which the average density cor responds to ^360 time s 
the background density (Eqn. 6: lBrvan fc Norm an 1998). 
The halo radius of a smaller galaxy may overlap with a 
larger galaxy, but will not be considered a satellite until 
the smaller galaxy itself is within the larger's halo radius. 
This motivates us to use a more restrictive definition of 
central galaxy. We have shown in Figure [4] that galax- 
ies below a stellar mass of 10 10 M© show environmental 
effects out to as much as 1 Mpc away from a massive 
galaxy, several times larger than the host galaxy halo 
radius. We therefore re-calculate the number of central 
galaxies in the Tinker et al. catalog, searching for asso- 
ciated objects within three times the halo radius. Using 
this definition, 75% of central galaxies in the Tinker et 
al. catalog have e?host > 1-5 Mpc in the overlapping stellar 
mass range of our dwarf galaxy catalog. This means that 
our definition of field galaxies is slightly more isolated 
than that of central galaxies in the Tinker et al. group 
catalog. This can be seen as slightly lower quenched frac- 
tions in the region of overlap shown in Figure [5l 
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In Figure [SJ we plot the fraction of quenched galaxies 
as a function of stellar mass for central/field galaxies. 
At high stellar masses, quenched galaxies make up the 
majority of the central galaxy population. While Tinker 
et al. and others have shown that the quenched frac- 
tion of central galaxies is 100% for stellar masses greater 
than 10 11 M Q , our Ha cut removes objects with strong 
AGN activity, decreasing /quenched at these masses. The 
quenched fraction decreases with stellar mass, reaching 
zero at a stellar mass between 1 — 2 x 10 9 Mq. The least 
massive quenched held galaxy in our sample has a stellar 
mass 1.02 x 10 9 M©. We therefore conclude that there 
is a threshold of 1.0 x 10 9 M Q below which quenched 
galaxies are not found in the held. This threshold rep- 
resents a fundamental stellar mass scale. Dwarf galaxies 
with stellar mass below this scale cannot quench star 
formation on their own. The threshold stellar mass does 
not change significantly for reasonable variations of our 
quenched definition. We list in Table 1, the number of 
galaxies, 1/Vmax corrections and quenched fractions for 
our NSA sample. 

A stellar mass threshold of 1.0 x 10 9 Mq, below which 
isolated quenched galaxies do not exist, is con sistent with 
extrapolations of previo usly published work (jPeng et al.l 
120101 : fWetzel et al.ll2011l) and confirm, with a larger sam- 
ple, the conclusions of lHaines et al.l (|2008l . I2007T) who 
found no isolated quenched galaxies in the SDSS DR4 in 
the absolute magnitude range —16 < M r < —18. These 
authors use somewhat different definitions of both 'iso- 
lated' and 'quenched', but also conclude that there is an 
absence of low mass isolated quenched galaxies. 

3.3. The Absence of Quenched Dwarf Galaxies in the 

Field 

We establish above that quenched central galaxies with 
stellar masses below 1.0 x 10 9 Mq do not exist in the held. 
Dwarf galaxies with stellar mass below this scale can- 
not quench star formation on their own; all field galax- 
ies in our sample below this threshold are forming stars 
(see § 13. 5[) . We detect 2951 field galaxies in the stel- 
lar mass range 10' — 10 9 M Q . Accounting for 1/V max 
corrections, we calculate an upper 1-sigma limit on the 
que nched fr a ction of /quenched < 0.0006, or 0.06% us- 
ing [Gehreli (Qj)86). In denser regions, defined here as 
dhost < 0.25 Mpc, we find that 148 out of 1504 galax- 
ies are quenched in the same stellar mass regime, cor- 
responding to a quenched fraction of 23% after volume 
corrections. Thus, while quenched central galaxies with 
stellar mass less than 1.0 x 10 9 Mq exist in dense envi- 
ronments, we do not find these objects in the held. 

3.4. Quenched Dwarf Galaxies Within 4 r v i r i a i of a 
Massive Host 

We next investigate the distribution of quenched dwarf 
galaxies relative to their host galaxy. Our sample con- 
tains 223 quenched galaxies below a stellar mass of 
1O 9 M , all of which are within 1.5 Mpc and 1000 km s _1 
of a more luminous host galaxy. We calculate the 
virial masses of the hosts using the prescriptions of 
iBehroozi et al.l (|2010l ) based on stellar mass. We calcu- 
late a virial mass for each host galaxy and determine its 
virial radius (r v j r ) assuming the average enclosed density 
is 360 times the background density. 
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Fig. 5. — The quenched fraction of isolated or central galaxies 
as a function of stellar mass. Our sample of dwarf galaxies (red 
circles) is compared to the group catalog of Tinker et al. at higher 
masses (blue squares). The quenched fraction is zero for stellar 
masses below 1.0 X 10 9 Mq. The top panel shows the fraction on 
a linear scale, while the bottom panel are the same data points 
shown on a logarithmic scale. One-sigma upper limits are shown 
for bins in which no quenched central galaxies are detected. 

In the top panel of Figure [51 we show the distribution of 
quenched galaxies with stellar mass below 1 x 10 9 Mq as 
a function of distance from its host galaxy, in units of the 
host's virial radius. In the bottom panel of Figure [6j we 
compare this distribution to that of star forming dwarf 
galaxies (defined as galaxies with detected Ha > 2A, 
see § 13. 5[) in the same stellar mass range. The majority 
(87%) of quenched dwarf galaxies are within 2 r v - 1T of a 
massive host galaxy and would thus be considered "satel- 
lite" galaxies, while 97% of objects are within 4r v ; r . For 
comparison, less than 50% of star forming dwarf galax- 
ies are within 4r v i r of a massive neighbor. The furthest 
quenched galaxy is 8 r v ; r from its host, while the furthest 
star forming dwarf galaxy is over 50 r v ; r from a massive 
neighbor. 

There are numerous proposed mechanisms to quench 
satellite galaxies within the virial radius of a massive 
galaxy. Processes such as ram pressure stripping or 
tidally induced star formation can quickly remove or 
use up gas as a satellite enters the virial radius of a 
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massive host. The handful of quenched dwarf galax- 
ies between 2-8r v ; r may be evidence for quenching pro- 
cesses which act at larger distances from the primary 
halo. Alternatively, these may be "backsplash" galax- 
ies which have previously been within the host virial ra- 
dius, but are on either highly eccentric orbits or have 
been dynamical ejected from the host halo (|Ludlow et al.l 
120091: IWang et al.1|2009f ). Numerical simulations suggest 
that up to 10% of satellites associated with a massive 
galaxy host can reside as far as four virial radii away, 
consistent with Figure |6] These galaxies are analo- 
gous to the dwarf spheroidal galaxies Cetus and Tucana 
(Miliar ~ 10 6 Mq), which are roughly 1 Mp c, or 3— 4r v ; r 
from the Milky Way (jFraternali et al.ll2009f ). 

Our host galaxy definition is insensitive to whether or 
not a dwarf galaxy has a companion with stellar mass less 
than 1O 1O M0. While we do not include dwarf galaxies 
with obvious signs of active merging activity, there are 
a number of dwarf-dwarf galaxy pairs in the SDSS DR8 
volume. We perform a cursory search for isolated dwarf 
pairs, looking for two or more galaxies with stellar mass 
less than 10 9 Mq within a projected distance of 100 kpc, 
a velocity difference less than 100 km s _1 , and are fur- 
ther than 1.5 Mpc from a massive host galaxy. We find 
39 pairs matching these criteria. Significant Ha is de- 
tected in all these dwarf galaxy pairs, with a median Ha 
EW of 40A (slightly above the median of the full star- 
forming sample). None of the galaxies in these dwarf 
pairs are quenched. The fact that quenched dwarf galax- 
ies are only found within 8 r v j r of a more massive neigh- 
bor galaxy suggests that such dwarf-only groups are not 
effective at quenching their member dwarf galaxies. We 
will explore the properties of dwarf-dwarf systems in a 
future contribution. 

3.5. Continuous Star Formation in Isolated Dwarf 
Galaxies 

We identify 2951 galaxies with stellar mass less than 
1 x 10 9 Mq that are in the field (as defined here, these 
are also central/isolated galaxies). All of our field dwarf 
galaxies show evidence for recent star formation. We 
briefly examine the properties of these galaxies, deferring 
a full analysis for a future paper. 

The vast majority of field dwarf galaxies have detected 
Ha gflux: 2940 out of 2951 (99.6%) with stellar mass less 
than 10 9 M G have Ha EW > 2A, with a median EW of 
32 A. The presence of H a emission implies star form ation 
within the past 50Myr (|Bruzual fc Charlotl 120031) . The 
median star formation rate for these isolate d galaxies is 
0.03 M^yr- 1 , based on FUV GALEX fluxes (|Salim et al.1 
2007). This rate is comparable to that expected by ex- 
trapolating the star formation rate versus st ellar mass re- 
lation ship seen at higher stellar masses fe.g. JWuvts et al.l 
1201 1|) . We note that none of these galaxies show evidence 
for AGN activity based on their position in [OIII1/H/? 
versus [Nil] /Ha line ratio d iagnostic plot (jKewlev et al.l 
l200lUYan fc Blantonl[20T2l ). The overwhelming fraction 
of isolated galaxies with very recent star formation sug- 
gests that this population is in a state of continuous star 
formation. 

There are 11 field dwarf galaxies (0.4% of the pop- 
ulation) which do not show Ha emission. These ob- 
jects have D„4000 = 1.1 — 1.3, suggesting a luminosity- 
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Fig. 6. — The distribution of host distance for all quenched (top) 
and star forming (bottom) galaxies with stellar mass below 1 X 
10 9 Mq. Distances are plotted in units of host galaxy virial radius. 
97% of quenched dwarf galaxies are found within 4 virial radii (red 
dotted line), while only 49% of star forming galaxies are found 
within a similar distance (blue dotted line). The most distant 
quenched dwarf galaxy in our sample is 8r v ; r from its host, while 
the most distant star forming objects (not shown in this figure) are 
over 50 r v ; r from a massive host galaxy. 

weighted stellar a g e bet ween 100-200 Myr based on 
iBruzual fc Charlotl (|2003f ) models. We have examined 
the broad band SDSS images and spectra of these 11 
galaxies: 9 are strong post-starburst galaxies ( e.g., K+A 
galaxi es) according to the criteria defined by lYan et aT] 
( 2009) through spectral decomposition, and two are bor- 
der line ca ses, satisfying t he mo re inclusive K+A criteria 
defined by iBalogh et al.l (|1999|) based on H<5 absorption 
EW. We conclude that these galaxies have shut off star 
formation within the past few hundred million years, and 
less than 1 Gyr even for the two weaker K+As. The 
fact that we do not find old quenched galaxies in the 
field suggest that these rare occasions of post-starburst 
galaxies are a transient phase in the life of isolated dwarf 
galaxies: they will soon have star formation again. This 
population constrains the "burstiness" of star formation, 
suggesting that star formation rarely shuts off in isolated 
dwarf galaxies and, if so, for less than a few hundred mil- 
lion years. 

4. DISCUSSION AND CONCLUSIONS 



We demonstrate that quenched dwarf galaxies are rare 
in isolation, existing almost exclusively in the vicinity 
of a more massive neighbor. For field galaxies, we find 
a stellar mass threshold of 1.0 x 10 9 M Q below which 
quenched galaxies do not exist. Most quenched galaxies 
below this stellar mass threshold are found within 2 r v j r 
of a massive host galaxy, and 97% of all quenched dwarf 
galaxies are found within 4 r V i r . 

With the SDSS DR8 data, we can state that quenched 
galaxies in the field do not exist below 1.0 x 10 9 Mq, 
however, we cannot test this statement below 10 7 Mq. 
The SDSS does not contain a sufficient number of galax- 
ies below this stellar mass. Studies of dwarf galaxies 
within lOMpc with stellar masses below 10 7 Mq are 
consistent with our results: low mass quenched galax- 
ies exist only within a few virial radius of the Milky 
Way, M31 or the n earby M81 group (jGrcevich fc Putmanl 
120091: IWeisz et all 120111 ). Below the detection limits of 
any current survey, the quenched fractions of field galax- 
ies may rise again at extremely low stellar masses. Ultra- 
faint galaxies (My > —5, Miliar < 10 4 Mq) are cur- 
rently dete^tabkou^to only 50kpc in the Milky Way 
halo ((Walsh et al J 12009). These galaxies a re thought to 
form their stars only before reionization (|Brown et al.l 
2012). If counterparts of the ultra-faint galaxies exist in 
the field, these will appear as quenched objects. Thus, 
the quenched fractions of field galaxies may rise again at 
extremely low masses. 

There are claims in the literature of isolated quenched 
dwarf galaxies, however, there are no definitive examples 
which pass our definition of isolated/field galaxies. At 
slightly lower stellar mass than the present sample, the 
dwarf spheroidal galaxies Cetus and Tucana (~ 10 6 Mq), 
discussed in § 13.41 are often cited as isolated quenched 
galaxies, but lie wi thin 1.5 Mpc (3 to 4 viria l radius) 
of the Milky Way. iKarachentseva et al.l (|2011| ) list ten 
candidate isolated dwarf spheroidal galaxies which they 
identify via visual searches. Several of these candidates 
lie within the SDSS footprint, but are well below the 
spectroscopic magnitude limits. These objects were not 



detected in HI surveys, and have no measured radial 
velocities or secure distance estimates. Spectroscopic 
follow-up of these candidates will be an excellent test of 
our conclusio ns. Finally, we not e no contradiction with 
the results of lWang et all ((2009) who find a percentage 
of isolated dwarf galaxies with red broad-band colors at 
similar stellar masses: we demonstrate in Sj l3.ll th.at these 
are dust-reddened star-forming galaxies. 

The absence of isolated quenched galaxies below 
10 9 Mq provides strong constraint on the internal feed- 
back processes regulating star formation. We find that 
all galaxies below this stellar mass threshold are forming 
stars in the field: 99.6% of isolated field galaxies have 
formed stars within the past 50Myr, while the remain- 
ing galaxies have had star formation with the past few 
million years. A future paper will explore the proper- 
ties of these star f orming field dwarf galaxies (Blanton 
et al. in prep). In Ge ha et aLl (|2006| ). we presented HI 
follow-up for SDSS dwarf galaxies, concluding that ex- 
ternal processes were required to fully remove gas from a 
dwarf galaxy. Exploring the HI and other properties of 
isolated dwarf galaxies above and below our stellar mass 
threshold will provide insight into the internal physical 
mechanisms, such as heating from supernova or active 
galactic nuclei, operating to quench galaxies at higher 
masses. Our stellar mass threshold provides a strong 
boundary condition for any of these mechanisms to com- 
pletely shut off star formation in low mass galaxies. 
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TABLE 1 

Quenched Field Galaxy Fractions for NSA Dwarf Cataloc; 
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Note. — Quenched fractions for field galaxies with d n o 
larger to contain a minimum of 100 galaxies. 
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